Thyroid transcription factor-1 (TTF-1) has been known to regulate the transcriptional activity of thyroid-specific genes. We examined the expression of TTF-1 in non-neoplastic and neoplastic thyroid tissues. By immunohistochemistry, the nuclei of normal and hyperplastic follicular cells strongly reacted with the antibody against TTF-1. Immunohistochemistry also revealed a distinctive nuclear positivity of TTF-1 in all 33 differentiated follicular cell tumors, including 15 follicular adenomas, 5 follicular carcinomas, and 13 papillary carcinomas. No immunoreactions were observed in three of four undifferentiated carcinomas, whereas an isolated and weak nuclear positivity was obtained in one. In normal and hyperplastic tissues, the distribution of TTF-1 was fairly related to that of thyroid-specific proteins thyroglobulin and thyroperoxidase. However, discrepancies in the distribution were observed in tumor tissues. By in situ hybridization, the riboprobe hybridized distinctively with the cytoplasm of neoplastic cells as well as normal follicular cells. Papillary carcinoma cells expressed TTF-1 mRNA in all but two cases, and its expression was also demonstrated in one of four undifferentiated carcinomas. Reverse transcription-polymerase chain reaction confirmed the presence of TTF-1 mRNA in two human undifferentiated carcinoma cell lines, TTA-1 and TTA-2. In conclusion, the investigation of TTF-1 provides useful information on the functional activities and/or differentiation of thyroid tumors and may lead to an increase in our understanding of the biologic nature of thyroid tumors.
The thyroid-differentiated phenotype is characterized by the expression of a variety of proteins that are specifically synthesized by the thyroid follicular cells. Four genes encoding thyroid-specific proteins have been cloned: thyroglobulin (Tg), thyroperoxidase (TPO), thyroid-stimulating hormone receptor (1) , and, more recently, thyroid iodine transporter (2) . This tissue-restricted protein production is regulated, at least in part, by the thyroid-specific nuclear factors, thyroid transcription factors 1 and 2 (TTF-1 and TTF-2) (3, 4) and Pax-8 (5) . All of them bind to Tg and TPO promoters (5, 6) . TTF-1 and Pax-8, however, preferentially bind to the Tg and TPO promoters, respectively (5) . In addition, TTF-1 binds to the thyroid-stimulating hormone receptor gene promoter (7, 8) . An important feature of TTF-1 is that it is a homeoprotein (4) . This kind of protein plays very important roles in development, cell growth, and differentiation processes (9) . Other than thyrocytes, TTF-1 is expressed in some regions of the central nervous system and in the lung, where it regulates the activity of tissue-specific genes not related to the thyroid (10 -12) .
The role of TTF-1 as a critical transcription factor regulating the gene expression of thyroid-specific proteins has been well documented in cell culture systems, particularly the FRTL-5 cell line (1-4, 6, 13-15) . However, little is known about the localiza-tion or distribution of TTF-1 protein and mRNA in human thyroid tumor tissues (16) . Especially, there has been no investigation on the in situ expression of TTF-1 mRNA and its correlation with the presence of thyroid-specific proteins in human thyroid tissue specimens. Therefore, we investigated the expression and localization of TTF-1 in normal, hyperplastic, and neoplastic human thyroid tissues using immunohistochemistry (IHC) and nonisotopic in situ hybridization (ISH). Furthermore, we sought to determine whether TTF-1 expression profiles are of any value for estimating the biologic nature of thyroid neoplasms.
MATERIALS AND METHODS

Tissue Preparation
We reviewed the surgically resected specimens of various histologic types of thyroid tumors from the files of the Department of Pathology at Yamanashi Medical University and Kofu City Hospital and selected 47 cases for immunohistochemical and ISH studies. The materials consisted of tissues from 5 cases of normal thyroid, 5 multinodular goiters, 15 follicular adenomas, 5 follicular carcinomas, 13 papillary carcinomas, and 4 undifferentiated carcinomas. The criteria for selection included representative morphologic characteristics and adequate tissue mass. In tumor cases, the lesions were classified according to the diagnostic criteria of the World Health Organization classification proposed in 1988. All specimens were routinely processed, and paraffin blocks were available in all cases.
Immunohistochemistry
For immunohistochemical analysis, the following antibodies were used: mouse anti-TTF-1 monoclonal antibody (Neomarkers, Fremont, CA), rabbit antihuman thyroglobulin polyclonal antibody (originally produced) at a dilution of 1:500, and mouse antithyroid peroxidase monoclonal antibody (Canadian Bioclinical, Scarborough, Canada) at a dilution of 1:100. Antirabbit-IgG or antimouse IgG conjugates (DAKO, Glostrup, Denmark) were applied to the sections as a second antibody.
For TTF-1 staining, heat pretreatment of the paraffin sections was used for antigen retrieval. Sections were cut and mounted on poly-L-lysinecoated slides. Deparaffinized sections were placed first in plastic Coplin jars filled with citrate buffer (pH 6.0) and incubated for 10 min at 120°C in an autoclave. After autoclave pretreatment, the sections were allowed to cool to room temperature and were then exposed to a 0.3% solution of hydrogen peroxide in absolute methanol to inactivate endogenous peroxidase.
Indirect immunoperoxidase staining was used according to standard protocols (17) . The sections were rinsed with phosphate-buffered saline (PBS), pH 7.2, and incubated overnight at 4°C with primary antibody. Tissue sections were then washed, reacted with secondary antibody for 1 h at room temperature, washed, reacted with 3,3Ј-diaminobenzidine substrate, washed, and stained with methyl green or hematoxylin.
For serum controls, normal rabbit serum or PBS was used instead of the primary antibody. The tissues from liver and kidney were used as a negative control.
In Situ Hybridization
For riboprobe preparation, a 757 bp SacII fragment (149 -905 bp) of TTF-1 cDNA was subcloned into Bluescript SK ϩ (Stratagene; La Jolla, CA). TTF-1 cDNA was a kind gift from Dr. R. Di Lauro (Stazione Zoologica A. Dohrn, Villa Comunale, Naples, Italy). Antisense and sense riboprobes were transcribed in the presence of digoxigenin-11-uridine-5Ј-triphosphate (Boehringer Mannheim GmbH Biochemica, Mannheim, Germany) using T7 or T3 RNA polymerases, respectively.
The ISH protocol was a modification of a method described by Nomura et al. (18) . In brief, sections were deparaffinized with xylene, rehydrated with a graded series of ethanol solutions, rinsed in PBS at pH 7.4, postfixed with 4% paraformaldehyde for 5 min, rinsed in PBS, and digested with 20 g/mL proteinase K (Sigma, St Louis, MO) at 37°C for 20 min. Slides were fixed again with 4% paraformaldehyde for 5 min, rinsed with PBS, treated with an 0.02% glycine solution for 15 min, rinsed with PBS, dehydrated in graded solutions of ethanol, and air dried.
Probes were diluted with hybridization solution (10 mM Tris-Cl pH 7.6, containing 50% formamide, 200 /mL transfer RNA, 1 ϫ Denhardt's solution, 10% dextran sulfate, 600 mM NaCl, 0.25% sodium dodecyl sulfate, and 1 mM EDTA) to a final concentration of 10 ng/mL, and sections were hybridized with heat-denatured riboprobe for 18 h at 55°C. After hybridization, samples were washed sequentially in 5 ϫ standard saline citrate (SSC) for 5 min at 55°C, then 2 ϫ SSC containing 50% formamide for 30 min at 55°C; 1 ϫ SSC is composed of 0.15 M NaCl and 0.015 M sodium citrate. To degrade unbound riboprobe, sections were treated with RNase A (1 g/mL in 10 mM Tris-Cl pH 7.6, 500 mM NaCl, 1 mM EDTA) at 37°C for 30 min, then sequentially washed once in 2 ϫ SSC for 20 min at 55°C and twice in 0.2 ϫ SSC for 20 min at 55°C. Hybridized probe was detected using a Nucleic Acid Detection Kit (Boehringer) according to the manufacturer's instructions. Briefly, slides were incubated with 1.5% blocking reagent for 30 min at room temperature, then incubated with a 1:500 dilution of alkaline phosphatase-labeled sheep antidigoxigenin Fab fragment for 1 h at room temperature. After washing, slides were incubated with substrate solution containing nitroblue tetrazolium salt and X-Phosphate (5-bromo-4-chloro-3-indoyl phosphate, toluidium salt) for 2 to 12 h, counterstained with methyl green and mounted with a glyceringelatin solution.
Reverse Transcription-Polymerase Chain Reaction
Total RNAs were prepared by the acid guanidinium-phenol-chloroform system (ISOGEN, Nippon Gene Co., Ltd., Toyama, Japan) as described in the manufacturer's instructions. Isolated total RNA (20 g) was fractionated by electrophoresis on 1.5% agarose in 18% formaldehyde gels. The quality of the extracted RNAs was checked by ethidium bromide staining; only RNAs showing two clear bands of 28S and 18S, corresponding to ribosomal RNAs, were selected for further studies. Five micrograms of total RNA was reverse-transcribed using murine leukemia virus reverse transcriptase. PCRs were carried out according to the Gene Amp DNA amplification reagent kit instructions (PerkinElmer Cetus, Norwalk, CT), with modifications as described. Thirty cycles were performed. During each cycle, the samples were heated to 94°C for 30 seconds, cooled to 56°C for 60 seconds, and heated to 72°C for 60 seconds. The reverse transcription PCR (RT-PCR) reagent blank yielded no detectable products. A 16-l sample of each 50 l PCR solution was fractionated by electrophoresis in a 2% agarose gel. Gels were photographed using Polaroid 655 film. The following oligonucleotide primers located at exon 1 and exon 2 of TTF-1 gene were used: TTF-1 5Ј oligonucleotide, CCAGGACACCATGAG-GAACA; TTF-1 3Ј oligonucleotide, TGCACTCGT-TCTTGTACCGG. RNAs extracted from stomach, colon, and liver were used as a negative tissue control.
Cell Culture
Two cell lines, TTA-1 and TTA-2, were used as models of human undifferentiated thyroid carcinoma (19) . These two cell lines maintained the properties of the parent tumor. The medium was changed every other day, and cells were passaged every 6 to 8 days.
RESULTS
Immunohistochemistry
A summary of the IHC results is shown in Table 1 . Immunoperoxidase staining with anti-TTF-1 antibody revealed that normal and hyperplastic thyroid tissues exhibited positive reaction products in the nuclei of most follicular cells as a fine granular pattern (Figs. 1A, B) . The cell nuclei in kidney, colon, and stomach were nonreactive (data not shown). A strong nuclear positivity of TTF-1 protein was also observed in all 33 differentiated follicular cell tumors, including 15 follicular adenomas, 5 follicular carcinomas, and 13 papillary carcinomas, whereas a weak and isolated positivity was demonstrated in one of four undifferentiated carcinomas (Figs. 1C-E) . Immunostainings for thyroid-specific proteins Tg and TPO were performed on the serial sections for comparison with TTF-1 results (Table  1) . Discrepancies in positive-cell distribution between TTF-1 and thyroid-specific proteins were observed in cancerous tissues (Table 1 ). All four undifferentiated carcinomas examined showed a lack of Tg and TPO proteins.
In Situ Hybridization
Specificity was established by comparing the ISH using the antisense and sense probes (data not shown). An antisense TTF-1 riboprobe but not a counterpart sense probe exhibited a positive signal for TTF-1 mRNA in the perinuclear region of the thyroid follicular epithelium. Expression levels of TTF-1 mRNA among follicles were not uniform in normal thyroid tissue (Fig. 2A) . Slight expression of TTF-1 mRNA was detected in the flat thyroid epithelium lining the lumen of large follicles. In contrast, the cuboidal or columnar cells of small folli-FIGURE 2. Findings of in situ hybridization of TTF-1 mRNA. A, in normal thyroid, little expression of TTF-1 mRNA is demonstrated in the flat thyroid epithelium lining the lumen of large follicles, whereas the cuboidal cells of small follicles show strong expression (magnification, ϫ200). Multinodular goiter (B; magnification, ϫ40), follicular adenoma (C; magnification, ϫ200), and papillary carcinoma (D; magnification, ϫ200) showing diffuse expression of TTF-1 mRNA. E, distinctive expression of TTF-1 mRNA is observed in isolated tumor cells of undifferentiated carcinoma (magnification, ϫ400).
cles showed strong expression of TTF-1 mRNA (Fig.  2A) . Hyperplastic thyroid tissues such as multinodular goiter (Fig. 2B) showed diffuse expression of TTF-1 mRNA in follicular cells. In follicular adenomas and follicular carcinomas, the expression of TTF-1 mRNA varied among tumors. The tumors that were composed mainly of small follicles exhibited stronger expression of TTF-1 mRNA than the tumors that were composed of large follicles (Fig.  2C) . In all but two cases of papillary carcinoma, the expression of TTF-1 mRNA in tumor cells was identified by ISH (Fig. 2D) . In one case of undifferentiated carcinomas, isolated tumor cells exhibited expression of TTF-1 mRNA (Fig. 2E) .
Reverse Transcription-Polymerase Chain Reaction
We examined two cell lines of human undifferentiated thyroid carcinoma, TTA-1 and TTA-2. RT-PCR analysis revealed a band of 149 bp corresponding to exon 1 and exon 2 of the TTF-1 gene after 30 cycles in the TTA-1 and TTA-2 specimens (Fig. 3) .
DISCUSSION
The present study was undertaken to examine the expression and localization of TTF-1 in normal, hyperplastic, and neoplastic thyroid tissues using IHC and nonisotopic ISH. In normal thyroids, the expression intensity of TTF-1 mRNA in follicular cells varied among thyroid follicles, whereas TTF-1 protein distributed in almost all nuclei of follicular cells. This heterogeneous expression of TTF-1 mRNA among normal thyroid follicles may indicate the presence of an autoregulation mechanism for thyroid-specific gene transcription. Recently, we hypothesized that TG-initiated, transcriptional regulation of thyroid-restricted genes is a normal, feedback, compensatory mechanism that limits follicular function and contributes to follicular heterogeneity (20) .
In the present study, IHC and ISH revealed that most differentiated neoplastic tissues, including follicular adenoma, follicular carcinoma, and papillary carcinoma, express TTF-1 protein and mRNA. Staining patterns of TTF-1 were fairly consistent with those of Tg and TPO in normal and hyperplastic thyroid tissues. However, discrepancies in the localization or distribution of TTF-1 and thyroidspecific proteins occasionally were observed, especially in cancerous tissues. This suggests that the activity of TTF-1 might need to be regulated by a variety of mechanisms, such as phosphorylation (21) , redox state (22) , and interaction with other factors and/or co-activators (23) that could be subjected to regulation themselves and that may be lacking in cancer cells. Therefore, we assume that the presence of TTF-1 alone is not sufficient to produce the differentiated phenotype of thyroid neoplastic cells, although TTF-1 is necessary for full expression of the thyroid-differentiated phenotype.
It has been reported that TTF-1 mRNA is always absent in the undifferentiated (anaplastic) thyroid carcinoma tissues (16) and their cell lines (24) . However, in the present study, IHC and ISH revealed the presence of TTF-1 protein and mRNA in one of four specimens of undifferentiated carcinoma. In addition, we examined two cell lines of human undifferentiated thyroid carcinoma, TTA-1 and TTA-2 (19) , and demonstrated the presence of TTF-1 mRNA expression after 30 cycles of RT-PCR. These findings suggest that undifferentiated carcinoma cells express TTF-1 mRNA but at very low levels that may not be detectable by Northern blotting. Recently, it was reported that transfection of TTF-1 expression vectors in undifferentiated Fisher rat thyroid cells results in activation of thyroglobulin gene expression (25) . Thus, it is conceivable that the loss of the thyroid-specific expression of Tg and TPO in undifferentiated carcinoma tissue may be related to the reduced expression of TTF-1. However, further investigations are required to clarify this matter.
In conclusion, most thyroid tumors express TTF-1 in connection with their functional ability. Therefore, the investigation of TTF-1 provides useful information on the biologic nature of thyroid tumors. lanes 3 and 4) , normal thyroid; M, marker.
